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Abstract

Optical fibre strain and shape measurement sensors were deployed on two bearingless main rotor systems,
Airbus Helicopters H135 and Airbus Helicopters H145 (or BK117 D-3) during ground runs with controlled pilot
inputs and during a whirl tower test. The sensing capabilities of two optical fibre-based strain sensing
techniques, optical fibre Bragg grating (FBG) and fibre segment interferometry (FSI), and direct fibre optic
shape sensing (DFOSS), a shape measurement based on the FSI approach, were benchmarked against
conventional strain gauge measurements. Signal-to-noise ratios and modal properties were determined from
the collected strain and displacement signatures using an improved operational modal analysis suitable for
the removal of amplitude-modulated rotor harmonics and large rotor speed variations. It was shown not only
that all fibre-optic based sensing techniques provide detailed understanding into the dynamic properties of
the blade, but the measurements also offer insights into couplings from the airframe to the rotor and
couplings from the drive train to the rotor. Results and discussions of the analysis of the measurements from
the DFOSS system highlight its benefits over strain gauges or of the FBG strain sensing approach.
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X, State vector

fo(t) Filtered signal

xlAf(t) Hilber transform of filtered signal

X Magnitude of the short time Fourier
transform

Y, System response

zAf(t) Analytical signal

y(T) Analysis window function

Sf Frequency tolerance for maxima
detection

Af Frequency tolerance

Af0 Initial frequency band

Aft Frequency set

At Sampling interval

AT Damping tolerance

e(n) Non-homogeneity term

nm) Nuisance component

o(n) Instantaneous phase

60, eu' els Multi-blade frame, control angles

6, Blade coordinate for excitation signal

@, Azimuth angle, blade coordinates

@ f(t) Instantaneous phase

) Displacement mode shape

lPi Azimuth angle, hydraulic actuators

U Strain mode shape

Acronyms

AIM Advanced In-Flight Measurement

DFOSS Direct fibre optic shape sensing

EMA Experimental modal analysis

FBG Fibre Bragg grating

FE Finite element

FSI Fibre segment interferometry

MAC Modal assurance criterion

OFS Optical fibre sensor

OMA Operational modal analysis

PSD Power spectral density

SG Strain gauge

SSi Stochastic subspace identification
STFT Short time Fourier transform

TSA Time synchronous average

VKF Vold-Kalman filter

WTT Whirl tower test

2. INTRODUCTION

Electrical strain gauges (SG) have been used for the
measurement of aircraft structural loads for more
than 70 years [1-5]. However, methods using SG

have numerous disadvantages. These range from
operational limitations, such as high sensitivity and
the adverse influence of precipitation, to long
installation times due to tedious wiring of each
sensor. Moreover, for long and slender structures
like rotor blades, the large amount of wiring
interferes with the aerodynamic and dynamic
behaviour of the blade and it is not uncommon that
SGs fail during the testing. Robust and reliable
measurement of rotating blade deformation is
challenging and the search for new non-intrusive
measurement techniques has been the subject of
numerous studies. While imaging approaches have
been trialled in wind tunnels and on whirl rigs [6],
their in-flight use is hampered by the large
observation angle and depth of field required to
measure along the entire length of the blade, along
with issues related to background light and to the
fouling of the blade surface. Optical fibre-based
approaches have the potential to meet both the
measurement requirements and the demands of the
measurement environment. Moreover, the
deployment of optical fibre sensors (OFS) on
helicopter rotor blades can provide data of the
in-service strain and operational mode shapes. This
could have significant impact from a number of
engineering  perspectives, ranging from the
validation of the aeroelastic models underpinning
numerical approaches to rotor design and
manufacturing, to increasing the accuracy of control
load prediction, paving the way for condition-based
maintenance. OFS could provide a viable solution to
replace the electrical SG as they offer several
advantages over conventional sensors, including
their flexibility, low weight, electromagnetic immunity,
small dimensions (diameter of order 0.2 mm), and
the absence of a requirement for electrical
connection to the sensor elements. While, to-date,
the primary focus of the aerospace applications of
OFS has been on fixed wing aircraft [7], with
numerous demonstrations of their use for the
monitoring of a range of aspects of aircraft systems,
including aircraft balance, structural health, and
landing gear [8], there have been limited reports of
their deployment on rotorcraft components in
laboratory conditions [9-12], and under flight, or
flight-equivalent, conditions [13—18]. Recent work [9]
has shown the possibility of local strain and
temperature measurement of the rotor blade from
the start of its curing cycle through to demoulding,
demonstrating that the sensors are sufficiently
robust to survive the manufacturing process. Other



approaches [19] made use of a full span strain
sensor embedded into a scaled rotor blade that
allows the integration of strain over the length. It only
requires the location of the elastic and neutral axes
along the span to determine elastic deflections and
twist information. As part of the BladeSense
programme [14], we deployed optical fibre-based
sensing techniques on the rotor blades of an Airbus
Helicopters H135. Data from optical fibre Bragg
grating (FBG) and fibre segment interferometry (FSI)
based strain sensors, and from FSl-based direct
fibre optic shape sensing (DFOSS) instrumentation
were live-streaming during a series of ground runs
with controlled pilot inputs. Aspects of the work and
the findings have been presented previously [15-17],
where it was shown that the fibre optic strain and
shape sensing approaches were capable of
detecting the 1/rev rotation frequency, and its
harmonics, and of detecting some of the operational
modes excited by specific pilot inputs. While the
sensitivity and accuracy of the OFS measurements
during the BladeSense programme still have to be
validated and related to the dynamic properties of
the H135 rotor blade, we have shown during a
recent whirl tower test [20] that OFS are capable of
capturing rotor blade dynamics of up to 50 Hz
induced by hydraulic actuator inputs.

The identification of modal properties of rotating
structures is challenging [21-24], yet it is important
for a wide range of activities, including validation of
structural and aeroelastic models, design
improvement, and vibration control. In this case,
classical experimental modal analysis (EMA) can be
performed in the setting of a whirl tower test (WTT),
as the system excitation is controllable. However,
EMA presents some drawbacks, notably related to
the difficulty of simulating the actual operational
boundary conditions, leading at times to loss of
representativity of the obtained modal models [21].
Additionally, the structure to be analysed has to be
well known to be able to identify the modal
properties through the EMA method as deployed in
[20]. During actual operations, it is often not possible
to measure the input excitations, and identification
can rely solely on the measured responses. In these
cases, operational modal analysis (OMA) is used to
test a structure under real boundary conditions [25].
Most OMA methods are based on the assumption of
broadband environmental excitation. Therefore, as
explained in [22], the application of OMA to rotating
structures requires careful removal of rotor

harmonics and periodic aerodynamic effects, as
these would hamper modal estimation during the
identification process [23-24]. A wide range of
techniques have been developed for the purpose of
correctly identifying and removing harmonic loading
[21,23,26].

In this work, the modal parameters are estimated
using stochastic subspace identification (SSI) in the
time domain for OMA. Prior to the application of
SSI, an approach based on the Vold-Kalman filter
(VKF) [27-28] was used to design a selective,
adaptive filter capable of removing
amplitude-modulated harmonics from the signals.
This works well for signals where the modulation
timescale is significantly slower than the
fundamental period, as the method allows the
tracking of the amplitude evolution of each
considered harmonic in time. Differently from
harmonic removal methods based on time
synchronous average (TSA) [29-30], which rely on
averaging the measured signal data in periods
synchronous to the fundamental harmonics to be
removed, the adopted Vold-Kalman-based approach
accounts for amplitude modulation of the rotor
harmonics (according to the conventions of rotating
machinery analysis literature, individual frequency
components relating to the rotor and its harmonics
are referred to as “orders” in the following) that may
have been induced by stochastic aerodynamic
loads. Both these methods need accurate rotor
speed measurements. In the absence of such
measurements, a procedure for instantaneous
angular speed estimation similar to that described in
[31], was considered, with the goal of developing an
analysis method robust to large rotor speed variation
cases, such as those that can be encountered
during run-ups or specific operations with
variable-speed rotors, and at the same time
independently from the availability of a precise
tachometer reference. The proposed harmonic
removal method is therefore robust to rotor speed
variations and able to account for order amplitude
variations. Such features are desirable for
operational modal analysis of helicopter data and
motivated its use here.

The work reported here evaluates fibre optic sensing
techniques on rotating rotor blades with the use of
an OMA approach capable of the removal of
amplitude-modulated rotor harmonics and large rotor
speed variations. A description will be given of the
deployment of the different types of sensing



solutions on a main rotor blade of an Airbus
Helicopters H135 helicopter during ground runs (as
part of the BladeSense project [14-17]) and of an
Airbus Helicopters H145 (or BK117 D-3) rotor blade
during a WTT (presented in [20]). The first part of the
paper briefly describes an established in-house EMA
method that is used to determine how to compare
the performance of FBG strain sensors with
conventionally deployed SGs during a WTT. This is
followed by a detailed description of the proposed
OMA method, including rotor harmonic identification
and its filtering from the collected data set. EMA is
not only used to assess the accuracy of FBG strain
sensors against SG, it will act as a reference to
verify the OMA approach before its use to analyse
the BladeSense data. The final part of the paper is
concerned with the application of the described
method to the BladeSense data to determine the
sensitivity and accuracy of the OFS measurements
during track and balance runs and during a
sequence of pilot inputs. A comparison between
FBG, FSI and DFOSS will pinpoint which
instrumentation system provides better signals for
dynamic characterization. The outcome of this paper
demonstrates the potential use of OFS for providing
in-service operational data on helicopter blade
dynamics.

3. INSTRUMENTATION
3.1. WTT: SG and FBG sensors

Three FBG sensor arrays were deployed on the
flexbeam of the bearingless main rotor of an Airbus
Helicopters H145, each containing 4
wavelength-division-multiplexed FBGs fabricated in
Ormocer coated 125um single mode optical fibres,
with the sensors distributed along a 0.4m length of
fibore. The FBG sensor arrays were bonded to the
upper and lower surfaces of the flexbeam (see
Figure 1) using adhesive AE10, while Gagekote #8
was applied on top of the optical fibres as a first
protective layer. The entire length of each optical
fibre cable was covered with Silicone 3140 RTV to
prevent the fibres from detaching. Standard
electrical SG instrumentation was deployed at 12
radial positions as a reference during the test
campaign. It was ensured that the FBGs were
located as close as possible to the SGs, despite the
limited available space due to the required wiring of
each single SG on the flexbeam structure. The SGs
form a full bridge configuration, meaning they are

arranged symmetrically around the neutral axes,
similar to the set-up presented in Figure 1(b). The
different sensor locations are depicted in Figure 1(a)
showing the positions of the SGs and the fibre
sensors that were deployed on the lower surface of
the flexbeam, with FBGs G1a to G4a on the leading
edge and G1b to G4b on the trailing edge. Figure
1(b) shows the deployment of a further four FBGs,
two on the upper surface and two on the lower
surface. Figure 1(c) is an image of the final
instrumented flexbeam, highlighting the limited
installation space for FBGs G1c to G4c.
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Figure 1: (a) Diagram showing positions of the SGs
and the fibre sensors deployed on the lower surface
of the flexbeam, with FBGs G1a to G4a on the
leading edge and G1b to G4b on the trailing edge,
(b) showing fibre sensors deployed on the upper and
lower surfaces of the flexbeam with FBGs G1c to
G4c, (c) image of the sensor positions G1¢ and G3c.

3.2. BladeSense: FBG and FSI sensors

The rotor blade was instrumented with OFS located
along the leading edge. The sensor arrays covered
approximately 55% of the rotor length and all fibre
optic sensors were covered by the blade protection
tape that is routinely applied in this area to protect
the blade from minor impacts and erosion, such as
sand, dirt or other debris. Four FBG sensor arrays,
each containing 10 wavelength-division-multiplexed
FBGs, were fabricated in-house at Cranfield
University, in hydrogen loaded SMF 28 optical fibre
with the sensors optimally distributed along a 2.1 m
length of the fibre to ensure that the structural
modes of interests could be captured with the



number of sensors available. The positions of the
sensors are shown in Figure 2. The arrays were
interrogated using a commercial FBG interrogator,
SmartScan Aero Mini.

The other two OFS technologies deployed on the
rotor blade for the BladeSense ground runs rely on
FSI [32], which is an optically and mechanically
robust approach to the demodulation of the signals
from an array of intrinsic interferometric strain
sensors. Here the approach is used to measure both
strain and shape. Arrays of 11 ultra short and low
reflectively fibre Bragg gratings (LR-FBGs) were
fabricated in-house at Cranfield University in eight
lengths of hydrogen loaded SMF 28, with adjacent
LR-FBGs separated by 190 mm. These fibre
segments are arranged back-to-back, forming a
continuous sensing chain. In FSI the spectral
information of the FBG-based reflectors is not
analysed, but instead, the reflectors merely serve as
a means to define the fibre segment interferometers.
Compared to regular electrical SGs and FBGs, the
strain measurement in FSI is not localised, but is
rather an integrated strain measurement over the
length of each segment. The interferometric strain
sensors were also used for DFOSS, achieved by
using four optical fibres that were integrated within a
flexible plastic rod specifically designed to facilitate
DFOSS [16]. The fibres were bonded using
cyanoacrylate into slots machined along the length
of the rod, described in [16]. The rod itself was
attached to the blade using cyanoacrylate adhesive.
The locations of the FSI sensor elements in the span
wise direction along the blade are shown in Figure 2,
with reflectors, R1 to R11, and the corresponding
segments, S1 to S10, formed between them,
indicated. For DFOSS, appropriate processing of the
differential strains experienced by the corresponding
fibre segments in the four fibres allows the direct
independent measurement of the slope angles in the
vertical and horizontal directions [32]. Here, a cubic
spline interpolation between reflector locations is
then used to obtain a continuous slope angle curve,
and subsequent spatial integration yields the vertical
and horizontal displacement curves. A key benefit of
this approach is the insensitivity to temperature, due
to the differential nature of DFOSS measurement.
Crucially, DFOSS allows direct determination of
operational shapes of the blade from deformation
data that is internally measured within the sensor
cable. Therefore, full strain transfer from the blade to
the sensor is not needed and there is no

requirement for a model of the underlying structure.
For more information on this technology the reader
is referred to [10,15,16,32]. The FSI sensors were
interrogated using an interrogator designed at
Cranfield, and constructed to meet the certification
requirements for the ground tests.
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Figure 2: Diagram showing positions of the fibre
sensors deployed on the lower surface of the rotor
blade, with FBGs G1 to G10 and FSI sensing
segments S1 to S10 shown. The black dots in the
FSI sensor array represent the locations of the FSI
reflectors, R1 to R11.

4. EXPERIMENTAL CONDITIONS
41. WTT

The WTT arrangement is presented in Figure 3. The
FBG sensor arrays were interrogated using a
commercial FBG interrogator, SmartScan Aero Mini,
mounted on top of the rotor mast. The interrogator
was run at a data rate of 2.5 kHz during the WTT
campaign. A sampling rate of 0.5 kHz was used for
the Airbus internal measurement and control system
that allows the determination of bending moments
from the SG measurements, calibrated to the flap
(out-of-plane) and lead-lag (in-plane) moments.

Figure 3: Whirl-tower test: Integration of FBG strain
sensors and electrical SG with their dedicated data
transfer devices on a H145 (BK117 D-3) rotor blade
and rotor head.

In this case, the data transfer from the rotating to the
fixed frame was achieved via an inductive Manner
telemetry system connected to the ground station,



while the FBG strain sensor data was streamed
wirelessly. It was not possible to synchronise the
data of the FBGs with the SGs by means of a
precision time protocol during the test. Instead, the
synchronisation had to be performed manually
before the data analysis.

A WTT was carried out to identify the rotor loads and
the modal properties of the main rotor blade, such as
its natural frequencies and related damping in the
flap and lead-lag directions [20]. In [20] it is
explained how the rotor blade is excited in such a
controlled environment with three hydraulic actuators
that reproduce the collective and cyclic control inputs
to the blade via the pitch links. Data was then
collected during several track and balance runs and
dedicated test runs with different excitation inputs for
frequency and performance determination.

4.2. BladeSense

To investigate the performances of the deployed
OFS technologies, ten ground runs of the helicopter
were undertaken over three days. The assessment
of each sensing technology involved the installation
of a balanced hub support cap assembly, containing
the optical system, power supply, PC, WiFi and fibre
connectors, onto the mast (Figures 4 and 5). Two
short track and balance runs to adjust and verify the
balance of the blades were performed. A series of
ground runs were then undertaken. When the rotor
was operating at full speed, the pilot made discrete
inputs to the collective and cyclic controls, with the
set of inputs repeated three times during ground run.

WiFi antenna
, Hub support ca
Optical fibre . .
connectors .

/ assembly

Optical fibres
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Figure 4: Hub support cap assembly mounted on the
rotor mast.

Figure 5: BladeSense ground runs: H135 helicopter
with hub support cap and instrumented blades
during a ground run.

Four sets of pilot inputs were applied as indicated in
Figure 6, stepped collective, doublet collective,
doublet cyclic lateral and doublet cyclic longitudinal.
The flight torque measurement was used as an
indicator of the collective settings. For the cyclic
control input, the stick position was moved in specific
directions: backward and forward for cyclic
longitudinal, and left and right for cyclic lateral input.
To correctly perform the input, the stick positions
were always moved to the neutral positions in
between each input.
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Figure 6: Planned pilot input pattern to the collective
and cyclic controls; stepped collective (0—-100 s),
collective doublet (100-150s), cyclic (160-250 s),

N—neutral, L—left, R—right, B—backward,
F—forward.
5. METHODS

In this section, the methods used for modal
identification are presented. For the laboratory WTT,
it was possible to perform both classical EMA and
OMA. For OMA analysis, the first step was to identify
and remove from the measurements the harmonic
loading originating from the rotor. Then, the residual
signal was fed to the Stochastic Subspace
Identification (SSI) in time domain algorithm in order
to estimate the modal model of the structure under
test. The choice of SSI for system identification was
dictated by experience and by the availability of the



implementation. However, a number of other
techniques exist in the literature that could have
been considered (see e.g. the review in [33]).

5.1. Experimental modal analysis

EMA involves the estimation of the input-output
relationship between applied loads [34], i.e. the
excitation signals from the hydraulic actuators, and
the measured FBG and SG responses. To do so, the
load signals were first transformed to the rotating
frame, such that the measured strokes of the three
actuators were transformed to
multi-blade-coordinates using:

60 = s ts,+5s, (1)

elc = —s + szcos(‘{’z) + s3cos(‘l’3) (2)

915 = - szcos(90 - LPz) + s3cos(90 - ‘P3) (3)

Where 6, 6 and 6, are the multi blade
0 1c 1s

coordinates, and ‘PZ and ‘{’3 are the fixed actuator

azimuth position. The individual actuator stroke

characteristics S, S, S, were transformed to pitch

angle inputs. It should be noted that Eqg. (1) is only
valid for pure cyclic excitation schemes. These
signals were then transformed to individual blade
coordinates in the rotating frame by help of a rotor
turn  marker and rotor speed measurements
available on the WTT to determine the azimuth
angle ?, [35]:

Gi = 60 + elc cos(q)i) + 915 sin(cpi) (4)

Where ei represents the excitation signal in the
individual blade i coordinates, and ®, the associated

azimuth angle. Then, the transfer functions from
input signal to each measurement signal were
estimated through a dedicated Matlab function. The
transfer function was approximated by a second
order model by means of a nonlinear least-square
solver, and the modal frequency and damping were
identified from the system’s parameters.

EMA results provide both a base of comparison for
OMA methods in a laboratory setting, and a first
assessment of the blades’ modal properties under
the WTT constraints.

5.2. Operational modal analysis

The operational modal analysis was performed in
the time-domain, adopting SSI [36]. It is assumed

that the system is linear and time-invariant, for which
the stochastic state-space model is defined as:

X 1= Ax +w, (5)
y, = Cx +v, (6)
Where X, is the state vector with dimension nx1

(where n is the system order to be determined), Y, is

the system response of lengthix1, w, is the

process vectors of length nx1 and and v, is the

measurement noise vector of length Ix1. A € R""

Ixn

and C € R are the state and observation
matrices. For a detailed discussion on how to
determine A and C the reader is referred to [36]. The
essential quality of the algorithms within the
subspace family is their ability to determine the
matrices describing a linear system starting from
subspaces containing the projections of data
matrices. In particular, these algorithms project the
space of the matrix rows of future outputs into the
space of the rows of past outputs. Once the system
matrices are estimated the modal parameters of the
structural system can be computed from A. To
ensure that the modal properties can be clearly
identified, a stabilisation diagram is used to
determine stable poles and to neglect mathematical
or spurious modes.

5.3. Harmonic identification and filtering

The objective of harmonic removal in OMA is to
reduce the negative effect of the harmonic response
at discrete frequencies on the modal identification
process. In the literature, two main groups of
techniques can be identified: the first [37] relies on
filtering the harmonic components in the time series
and using the residual for standard OMA, the second
technique identifies the harmonic components
together with the modal response [38]. In this work,
harmonic identification is based on prior knowledge
of the rotor frequencies, and therefore does not
require automated harmonic load detection indices
such as the Entropy Index proposed in [26]. In the
general case, the rotor speed can change during the
measurement  period, either because the
measurement is performed during the run-up phase
or because the rotor speed varies following an
acoustic or performance control law. In order to cope
with varying rotor speed, it is necessary to have an
estimation of the instantaneous rotor frequency. The
latter could be measured with a tachometer or,



lacking such measurement, estimated directly from
the acceleration signal as proposed e.g. in [31].

Similarly to [31], the instantaneous frequency is
estimated in this work based on the spectrogram of
the acceleration signals. The spectrogram is defined
as the squared magnitude of the short time Fourier
transform (STFT) of the signal:

IX(t, f)*where X(¢, f) = } x@Oy(t — e ae (7)
0

In Eq. 7, y(t)is the analysis window function, x(t)
the acceleration signal as a function of time t, and f
is the frequency. Maxima tracking is then applied
under the assumption that the rotor frequency is the
most energetic component in the considered
frequency band, so that:

fra® = Argmax IX(t, AI for f € Af, (8)
Af, e ff, (& —dv = 8f f (¢ —dv+ 5 (9)

Where &f is the frequency tolerance for maxima
detection, and X(t, f)is the STFT of signal x(t) for
the frequency values in the set Aft specified from

the previous estimate fmax(t — d1). The initial band
Afois specified by the user and represents the

analysis band where the initial order frequency lies
at the analysis time t = 0. The result is a coarse
estimation of the instantaneous frequency as a
function of time, f . ©. Based on that, the

instantaneous phase can be computed by
integrating the estimated frequency over time.
Finally, the coarse phase is used to resample the
signal in the angular domain using computed order
tracking [39]. Then, the angular-domain signal is
filtered around the order of interest and resampled
back to the time domain using the coarse phase
information, obtaining the filtered signal Xy The

instantaneous phase is then obtained from the
analytical signal zAf:

z,,(6) = x, () + jx, Ko (10)
as:
®,(t) = imag(log(z, (1)), (11)

where xiAf(t) is the Hilber transform of fo(t).

The instantaneous phase and its multiples up to
order N are used in the second-generation VKF
formulation [40] to extract the N orders of interest
from the signal. The VKF requires two equations: the
structural equation and the data equation. The
structural equation describes the mathematical
characteristics of the order to be extracted, enforcing
smoothness of the envelope. The data equation
describes the relationship between the order o(t)
and the measured data x(t) accounting for random
noise and other components in the data. Second-
generation, 2-poles VKF is used, which provides a
good selectivity with respect to the single-pole, while
being less computationally intensive than the 3-poles
approach. The second-generation formulation
results in the estimation of the envelope of a
mono-component signal with a given instantaneous
frequency or phase. The structural and data
equations for the second-generation, 2-poles VKF
(considering the case of a single extracted order)
read:

Vzo(n) =om) —2o0(n+ 1) + on + 2) = e(n), (12)
x(n) = o(mexp(jo(n) + n(n), (13)

Where the notation x(n) corresponds to the discrete
sample n of the signal x(t) such that t = nAt, with At
being the sampling interval, en) is a
non-homogeneity term accounting for amplitude and
frequency variations from a perfect sine wave model,
08(n) is the instantaneous phase and n(n) is the
nuisance component accounting for exogenous
energy in the filter band.

Ultimately, the mono-component signals extracted
with the VKF represent the harmonic excitation due
to the rotor for the considered N orders and can be
subtracted from the original signal x(t) in order to
obtain the residual x (0.

5.4. Signal-to-noise ratio evaluation

As part of the comparison between FBG and SG
sensors, an analysis of their respective
measurement noise is performed. For the
considered data, the following metric is proposed for
noise evaluation:

RMS (x,(t))

SNR, = RMS(x (D) ’

(14)

which indicates the ratio of the RMS energy of the
sum of the harmonic signals generated by the rotor,



X (t), to the energy of the residual signal xR(t) after

harmonic removal as per Section 5.3. Such an index
works well when the synchronous rotor excitation is
similarly present in the compared sensors and has
the advantage of not requiring particular
considerations about band selection for noise floor
estimation. It has, however, the drawback of being
poorly representative when sensor placement makes
the harmonic excitation significantly different
between the compared sensors.

6. RESULTS AND DISCUSSION
6.1. Experimental modal analysis

In this section, EMA results obtained from the WTT
data are presented, which use the input-output
relationship during a sine-sweep excitation. While
the outcome will give an insight into the performance
of the FBG strain sensors compared to SG, it will
also be used as reference to verify the OMA
approach before analysing the BladeSense data.

6.1.1. WTT data

During the test campaign, data totalling around nine
hours was collected. While all of the FBG sensors
survived the test campaign, one of the SG
measurements failed during the whirl tower test. The
malfunctioning SG was located at one of the flap
moment measurement positions, which was
mounted in a radius range, where large strains
occur. This behaviour can often be observed during
whirl tower testing or in early flight test phases since
the strains experienced at some locations along the
flexbeam of a bearingless main rotor can commonly
exceed the measurement range of commercially
available SGs.

Data was analysed adopting the EMA as described
in Section 5.1. The errors between the natural
frequencies Af obtained with the FBG and SG
sensors are listed in Table 1, demonstrating very
good agreement, with a percentage error of less
than 0.6%. In a previously published paper [20] it
was further shown that the determined flap and
lead-lag bending moments were comparable. The
modal damping percentage error, A, of about 80%
was subject to the specific FBG sensor positions
which were not ideal for identifying this particular
mode.

Table 1:Natural frequency error, Af, and damping
ratio error, A7, of FBG measurements relative to the
SG measurements, taken during whirl tower test
campaign with dedicated excitation inputs.

Mode Af (%) Al (%)
1%t lead-lag -0.2 1.8
15t flap Not identified with SG or FBG
2" flap 0.6 -79.9
3" flap 0.0 -11.5
1%t torsion Not identified with FBG
2" |lead-lag 0.0 -11.1
4" flap 0.2 0.0

6.2. Operational modal analysis

This section begins by first verifying the output-only
modal analysis approach, OMA, against the EMA
outcome (Section 6.1.1). This is followed by deriving
the modal properties from the BladeSense data.

6.2.1. WTT data

Before applying the proposed OMA approach to the
BladeSense ground run data, the method is first
verified by extracting modal properties from the WTT
track and balance run data and compared to the
results obtained from the previously applied EMA
approach. For comparison reasons, an example of a
stabilisation diagram without data manipulation is
computed first, which is depicted in Figure 7. This
was achieved with the stabilisation criteria set as 1%
for frequencies, 5% for damping, and 0.98 for the
Modal Assurance Criterion (MAC) [41]. Engineering
judgement was applied to exclude unrealistically
high damping values for the blade. The stabilisation
diagrams have been evaluated for a system order
ranging from 20 to 140. The stabilisation diagram
was used to pick the results selecting the order
showing a good compromise between complexity
and residual value. Figure 7 depicts that most stable
poles are found around the rotor harmonics, making
it difficult to identify the structural modes of interest.
A person, experienced with the specific design of the
rotor under investigation and having clear
expectations about its frequency placement, would
be able to distinguish between the influence of the
harmonics and the normal modes. However, a modal
identification from scratch, e.g. evaluating test



results without knowledge of expected system
behaviour, would be very difficult and most probably
lead to erroneous results.
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Figure 7: Stabilisation diagram for sensors in flap
direction computed with the following parameters:
Af = 1%, A7 = 5%, AMAC = 0.98 for one
realisation of SG measurements from the WTT track
and balance run.

After applying the described approach, rotor
harmonics were removed from the data set and an
example of the stabilisation diagram with the
harmonic content removed is presented in Figure 8.
No peaks are present at the rotor harmonic
frequencies, which allows a proper and
straightforward identification of the blade modes.
This significantly improves the evaluation of modal
properties from an OMA approach.
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Figure 8: Stabilisation diagram for sensors in flap
direction with removed amplitude-modulated rotor
harmonics computed with the following parameters:
Af = 1%, A7= 5%, AMAC = 0.98 for one
realisation of SG measurements from the WTT track
and balance run.

Table 2 lists the errors between the natural
frequencies Af obtained with FBG and SG sensors,
comparing the EMA and OMA approaches. While
OMA is an output-only modal analysis that was
applied to one track and balance run, EMA uses the
input-output relationship during a sine-sweep
excitation. Since the operational condition of the
rotor blade during the track and balance run is not
representative of the same test conditions as
analysed in [20], the damping is not compared.

Table 2: Natural frequency error, Af, of OMA relative
to EMA (presented previously in [20]) using data
from the WTT track and balance run.

OMA vs EMA OMA vs EMA
SGs FBGs
Mode o o
Af (%) Af (%)
ot Not identified
1% lead-lag 9.2 with OMA
15t flap Not identified with SG or FBG
nd Not identified
2 flap 1.2 with OMA
3" flap 7.8 1.4
1t torsion Not identified with OMA
nd ) Not identified
2" lead-lag with OMA 0.1
4" flap -0.1 -0.6

All natural frequencies that could be identified from
the SG data are in agreement with a percentage
error of less than 9.2%. This particularly high
deviation for the 1% lead-lag mode is expected due
to the different test conditions. In the EMA tests,

dedicated cyclic regressive excitation was
performed. This leads to significantly larger lead-lag
damper  deflection  amplitudes than those

experienced during the track and balance runs that
were exploited for the OMA evaluation. The shear
stiffness of the elastomeric lead-lag dampers of the
rotor blades is dependent on the deflection
amplitude. An estimation of the difference between
EMA and OMA tests leads to a factor of three
difference in shear stiffness, which explains the
deviation in the measured frequency. Due to the
small number of FBGs on the flexbeam for the WTT,
not all modes could be identified from the FBG data.
All other modes exhibit a natural frequency error of
less than 1.4%.



6.2.2. BladeSense data

After successfully verifying the OMA method, it was
deployed on the BladeSense measurement data to
validate the determined modal properties against
WTT data on the same type of rotor blade that was
collected previously as part of the AIM (Advanced
In-Flight Measurement) project [42]. While 10 FBG
and 10 FSI strain sensor positions were used for the
SSI approach, 19 radial measurements were taken
from the 100 radial positions provided by the DFOSS
system. This still provides a good resolution
measurement of the blade shape over the chosen
sensing length. The natural frequency errors for the
different modes obtained from the FBGs during the
BladeSense ground runs and SG from the AIM WTT
are listed in Table 3. As the data were derived under
different operational conditions, namely a full scale
helicopter ground run on high skids and a WTT,
some deviations are expected, but the comparison
still  provides some understanding about the
meaningfulness of the obtained results.

Table 3: Natural frequency error, Af, of FBG relative
to SG measurements taken during the AIM project
[42], FSI and DFOSS system relative to FBG from
BladeSense track and balance and dedicated
ground runs.

FBG vs SG

FSl vs
Mode (AIM:;\)ITT FBG \II)sF 22(83
AF (%) Af (%)  Af (%)
1+t lead-lag 1.7 8.8 5.1
1t flap Not identified
2" flap 3.1 0.7 -3.2
3" flap -2.0 2.0 2.6
1< torsion Not identified
2" |ead-lag 4.3 -3.7 -2.1
4" flap -0.8 -0.4 -0.4

A maximum error of 7.7% for the 1% lead-lag mode
was obtained, which is again influenced by the
different test conditions. Otherwise, reasonable
identification from the FBG data was achieved for
the remaining modes, using the AIM WTT as a
reference. Apart from identifying the blade’s dynamic
characteristics, more interesting information was
found while analysing the BladeSense data, such as
the observation that the dominant airframe mode
coupled with the rotor blade dynamics on the

ground, and the good visibility of the 2" drive train
mode evident in the blade behaviour. It is important
to note that such observations should also be
possible with SGs.

Furthermore, Table 3 also provides a comparison
between FSI and FBG, as well as between DFOSS
and FBG. It is noted that the DFOSS data, which
contains separate data sets for horizontal and
vertical deformations, proved to be easier to use
than using the FSI strain data, as the flap and
lead-lag modes are already decoupled within the
DFOSS data set, providing information about the
dominant mode directions. DFOSS data also
provides an improved resolution of the deformation
information along the rotor radius, compared to the
FBG data. The DFOSS data allowed flapping and
lead-lag rotor blade modes to be identified during the
track and balance ground run. The evaluation of the
FBG and FSI sensor data was more tedious and
only worked out for modes with their main
characteristics in the flap direction. FSI and FBG
data from a ground run during which the pilot
performed dedicated control input excitations were
also used to obtain lead-lag characteristics. Using
the OMA approach, the data time series were
evaluated directly after quick control input change to
obtain a near broadband excitation behaviour. For
FSI, even the 2" flap mode could be obtained from
these test runs. Here collective and cyclic doublets
proved to be the most effective pilot inputs, after
which the lead-lag modes and the 2™ flap mode
could be extracted. To obtain meaningful and
confident modal results for FSI and FBG, the
convergence settings for the creation of the
stabilisation diagram had to be relaxed, and a limited
set of sensors had to be chosen. For DFOSS data,
all sensors could be used. It turned out that some
prior knowledge about the structural system under
investigation was necessary for the extraction of the
modal data. Overall, a comparison of the FSI and
corresponding DFOSS data against that from the
FBG sensors revealed a maximum error of 8.8% for
the 1% lead-lag mode, while the maximum frequency
deviations of the remaining modes were within 4%. It
should be noted that the natural frequency error
obtained from the DFOSS and FSI deviate from
each other. This could result from the influences of
the centrifugal force, tension-torsion coupling and
temperature, which were not compensated during
FSI and FBG data evaluation, but which are
inherently considered in the DFOSS approach.



Finally, both operational strain and displacement
mode shapes were computed directly from the
estimated state matrices determined using the
output-only methodology SSI described in the
previous section. The displacement and strain mode
shapes were determined from a finite element (FE)
beam model [43] and used for comparison and
analysis. Figures 9 and 10 present a comparison of
the 4" flap mode for the operational strain and
displacement mode shapes, respectively.
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Figure 9: FBG strain mode shape y for 4™ flap mode
compared with FE beam models [43].
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Figure 10: DFOSS displacement mode shape ¢ for
4" flap mode compared with FE beam models [43].

Table 4 reveals an excellent mode shape pairing for
all modes identified from DFOSS data, while for FBG
measurements lead-lag modes could not be
identified and the mode shape correlation between
measurement and calculation was poor for the 2™
and 3" flap modes. Although it was demonstrated in
[43] that the lead-lag modes will be difficult to predict
with the chosen FBG sensor positions at the leading

edge compared to having them installed on the
trailing edge, it was decided during the project to
install the sensors at the leading edge underneath
the blade projection tape due to safety measures.
Furthermore, the FBGs were located on a
significantly stiffer structure than the flexbeam,
resulting in lower strain signals than if the FBG
sensors had been mounted on the flexbeam.
Additionally, the outcome for the poor strain mode
shape pairing could be also a result of numerical
errors and a lack of detailed structural knowledge
that highlighted difficulties in accurately predicting
the surface strain from the FE beam model [43].

Table 4: Comparison of mode shape pairing with FE
beam model using data from the BladeSense track
and balance run.

MAC MAC
Mode (FBG) (DFOSS)
(%) (%)
1+t lead-lag Not identified 99.97
1t flap Not identified
2" flap 37.81 99.97
3" flap Poor MAC 99.76
1¢ torsion Not identified
2" |lead-lag Not identified 99.99
4" flap 85.51 98.53

The achieved results clearly highlight the benefit of
DFOSS over standard strain sensing for modal
analysis, since two-dimensional deformation data is
directly obtained with only one straight fibre rod,
entirely independent of the location of the rod with
respect to the neutral axis and without the
requirement for strain transfer to the blade structure.
Due to the differential nature of the measurement,
temperature changes or effects due to centrifugal
force do not lead to a DFOSS signal. This poses a
major advantage of DFOSS as it is only sensitive to
transversal motion and not longitudinal strain
components along the sensor rod. Considering all
these advantages, it not only suggests that further
research in the application of DFOSS to mode shape
analysis could be very fruitful, but also shows the
great potential of directly determining the structural
shape at any instance in time, as shown in a
previous publication [16].



6.3. Signal-to-noise ratio evaluation

The signal-to-noise ratio was estimated for the
considered datasets as detailed in Section 5.4.

6.3.1. WTT data

The values of SNR, are presented in Figure 11 for

each of the FBG and SG sensors, using the ratio of
the synchronous signal obtained from the first five
rotor harmonics to the residual signal filtered to the
same frequency band. Signals from the track and
balance run were considered, mostly consisting of
rotor excitation.
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Figure 11: Comparison of signal-to-noise ratio SNRH

for H145 WTT rotor track and balance data:
triangles: FBG sensors, G1a - G4a, on bottom
leading edge position; squares: SG sensors, flapping
moment.
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Figure 12: Comparison of full signal, residual signal
and rotor excitation for H145 WTT rotor track and
balance data: a) FBG sensor G2a, b) SG sensor
MB320.

From Figure 11, it can be seen that the FBG and SG
instruments yield a comparable SNR for most of the
sensors. The values show a dependency on the
sensor’s radial position on the blade, according to
the fact that higher strain is experienced close to the
root, yielding therefore higher signal values with
respect to the residual noise. Figure 12
demonstrates that, for both FBG and SG, the rotor
excitation is effectively identified and removed from
the signal.

6.3.2. BladeSense data

Signal to noise ratio values for the FBG, FSI and
DFOSS sensors are depicted in Figure 13 for the
BladeSense rotor track and balance dataset.
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Figure 13: Comparison of signal-to-noise ratio SNRH

of FBG, DFOSS and FSI sensors for BladeSense
rotor track and balance data.
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Figure 14: Comparison of full signal, residual signal
and rotor excitation for BladeSense rotor track and
balance data: a) FBG sensor FBG1, b) FSI sensor
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horizontal.



The SNR of the vertical component from the DFOSS
data is higher than that of the horizontal component
due to the predominant flapping movement of the
rotor blade. The DFOSS vertical component
measurement shows higher SNR than FBG and FSI
measurements for similar radial positions. Also, for
this dataset, the harmonic separation allows correct
identification and removal of the rotor excitation from
the full signal, as shown in Figure 14.

7. CONCLUSIONS

Optical fibre strain and shape measurement sensors
were deployed on two bearingless main rotor
systems, Airbus Helicopters H135 and Airbus
Helicopters H145 (or BK117 D-3), during ground
runs and WTT. Data was streamed wirelessly from
the rotor hub-mounted optical fibre sensor
interrogators to a ground station. The strain sensing
capabilities of three optical fibre-based sensing
techniques, optical FBG and FSI strain sensors, and
the shape measurement approach DFOSS, have
been compared and assessed against conventional
SG measurements with the aim to evaluate the
measurement performances of the fibre optic
sensing techniques deployed on rotating rotor
blades. Signal-to-noise ratio and modal properties
are compared by performing an improved
operational modal analysis suitable for the removal
of amplitude-modulated rotor harmonics and of the
influence of large rotor speed Vvariations.
Additionally, the applied approach is verified against
a standard in-house experimental modal analysis
method.

During the WTT campaign, data totalling around
nine hours was collected. While all of the FBG
sensors survived the test campaign, one of the SG
measurements failed during a whirl tower run with
higher flexbeam loading. This behaviour of SGs on
the flexbeams of bearingless main rotors has been
established in previous studies, revealing that SGs
are loaded at or above their fatigue limit during whirl
tower and subsequent flight testing. Analysis of
FBGs measurements during controlled WTT
revealed very good performance, comparable to that
of SG, with a natural frequency error of less than
0.6%. With regards to SNR, the FBG and SG yield a
comparable SNR for most of the sensors.

The performances of all fibre optic-based sensing
systems deployed during the BladeSense project

were assessed with measurements collected during
several ground runs, showing an agreement of
better than 9% for the natural frequencies and a
mode shape pairing of better than 98% for DFOSS.
The mode shape pairing with FBG and the FE beam
model was only sufficiently good for the 4™ flap
mode, with a MAC of 85.5%. From the ground run
data it was not only shown that all fibre-optic based
sensing techniques provided detailed understanding
into the dynamic properties of the blade, but that
they also provided insights into couplings from the
airframe to the rotor and couplings from the drive
train to the rotor. It is expected that such phenomena
can also be observed with the use of SG. From the
different data sets it was found that all modes of
interest could be identified using DFOSS from a
single track and balance run, while for FBG and FSI
additional data from the collective and cyclic doublet
excitation inputs had to be included to also obtain
both lead-lag modes and the 2™ flap mode.
Furthermore, it was demonstrated that SNR values
of the DFOSS vertical component measurement
were higher than those of the FBG and FSI
measurements for similar radial positions. Results
and discussions around the analysis of the DFOSS
system reveal additional benefits that out-perform
FBG strain sensing approach. These include
insensitivity to temperature, and the direct
determination of operational shapes of the blade
without the requirement for strain transfer from the
blade to the sensor and without the requirement for
a model of the underlying structure. The high
sensitivity of DFOSS and the capability to obtain
two-dimensional shape information makes this
measurement approach particularly suitable to
determine the dynamic characteristics of complex
structures in operational conditions.

While key challenges remain in the area of
interrogator miniaturisation, robust data transfer from
the rotating to the fixed frame and accurate time
synchronisation between all acquisition systems, the
outcome of this work demonstrates the potential of
the use of optical fibre sensors for flight testing and
for the provision of in-service operational data on
helicopter blade dynamics.
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